• Nonuniformity of cardiac muscle with respect to refractory period duration and conduction velocity is well recognized as a necessary factor in the induction of turbulent impulse propagation; i.e., fibrillation.
"
7 It has been suggested that the facilitatory effect of vagal stimulation on the induction and perpetuation of atrial fibrillation is due, at least in part, to the nonuniform distribution of vagal effects upon the atrial refractory period, 4 and it has been shown that atrial fibrillation, whether induced by electrical stimulation or by focal application of acontine, maintains itself after the exclusion or termination of the initiating agency provided the vagi are stimulated. 0 Presumably, nonuniformity of recovery following excitation favors the fractionation of impulses arising during the relatively refractory period, and increases the chance, of re-entry. If this be true, then any agency which increases the temporal dispersion or asynchrony of excitability recovery should increase the likelihood of fibrillation; conversely, agencies which cause or favor the development of fibrillation might be expected to increase the degree of asynchrony.
To test the effects of various chemical and physical agencies, known to influence the vulnerability of the ventricles to fibrillation, upon the temporal dispersion of recovery of excitability in ventricular muscle, refractory periods were estimated at twelve different points Supported by a grant from the American Heart Association.
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Received for publication July 16, 1963. within a radius of 4 mm from a primary site of stimulation. The results of these studies are described in the present communication.
Methods
Experiments were performed on 40 mongrel dogs ranging in weight from 9 to 17 kg, anesthetized by intravenous injection of sodium pento barbital, 35 mg/kg. Under artificial respiration, the chest was opened in the midline and the pericardium was opened widely to expose the anterior surface of the heart. Except in experiments involving stimulation of the cardiac sympathetic nerves, the heart was denervated by cutting both cervical vagi and extirpating the stellate ganglia and the first five thoracic sympathetic ganglia on both sides, in order to re- duce reflexly induced variations of autonomic activity.
Stimulating and recording unipolar electrodes consisted of a gang of 13 steel needles. The needles were 2.5 cm long, with a tip diameter of about 10 micra, and were insulated except at the tip. They were arranged in two concentric rings of six electrodes each around a central electrode ( fig. 1 ). The inner electrodes were 2 mm and the outer electrodes were 4 mm distant from the central electrode. Leads from these 12 electrodes were connected to a selector switch, permitting the selection of one electrode at a time for recording or stimulation. A pair of bipolar electrodes located on the ventricular surface remote from the test electrodes was used to detect progagated ventricular responses. An eighteenchannel stimulator was used to drive Tektronix 161 pulse generators which, in turn, delivered rectangular pulses of variable interval, duration, and amplitude to isolation transformers.
The ventricles were driven by stimuli (S x ) delivered through the central electrode from one Tektronix pulse generator at a rate sufficiently greater than the sinus rate to maintain control. This same frequency was used whenever observation of the pattern of the recovery process was made at the various test points. The basic driving stimulus was a cathodal pulse of 2 msec duration at twice the diastolic threshold.
The moment of recovery of excitability after a basic response (R t ) was determined at each electrode of the two concentric rings. At each test point, the responses (Rj) to the basic driving stimuli (Sj) were first recorded from the selected unipolar electrode and displayed on the first beam of a dual trace oscilloscope with a calibrated sweep speed of 1 cm/50 msec. Responses from the remote reference electrodes were displayed on the second beam of the oscilloscope. Sweeps were triggered by the basic stimulus generator and the position of the first beam was adjusted horizontally so that the intrinsic deflection of R, at the test point was accurately aligned with the left vertical axis of the oscilloscope scale. For determination of the time of recovery of excitability, the unipolar electrode was switched from its recording channel to a second pulse generator which delivered the test stimulus (S 2 ) at various intervals after the driving stimulus. The So shock artefacts were displayed on the first beam of the oscilloscope, and the diastolic threshold stimulating voltage was determined. Test pulses were then set at 1.5 times the diastolic threshold value. Responses recorded from the remote reference electrodes were used to indicate the success or failure of the test stimuli (S 2 ). The moment of recovery of excitability was determined from the position Circulation Research, Volume XIV, January 1964 of the earliest successful S 2 shock artefact, relative to the left axis of the oscilloscope scale representing the previously determined moment of initiation of R x at the test point. The R^.. interval represented, for the stimulus strength used, an estimate of the refractory period of the basic cycle at the various test points. The visually determined positions of S 2 were checked against records obtained with a Grass polygraph at a paper speed of 100 mm/sec. The degree of asynchrony of recovery of excitability following a basic response (Ri) was determined by computing the range of variation of S 2 at 12 test points within a radius of 4 mm from the central point of stimulation.
Approximately five minutes were required to assess the RxSo intervals at all test points. It should be emphasized that the measurements indicated in the illustrations were not made simultaneously. However, the reproducibility of measurements was frequently checked, and an example of duplicate observations is recorded in figure  2 .
The procedure used to study the pattern of recovery of excitability following a premature beat deviated from the above only in that a premature stimulus (S 2 ) was delivered to the central electrode at any desired time after S 1 was delivered. The moment of the earliest successful test stimulus (S 3 ) following the premature response (R 2 ) was then determined at the various test points as above.
The same basic procedures were used to study the pattern of recovery under various experimental conditions known to influence the vulnerability of the ventricle to fibrillation, namely, stimulation of the cardiac sympathetic nerves, administration of sympathomimetic amines during exposure to chloroform, cardiac glycoside intoxication, administration of quinidine, myocardial ischemia, and hypothermia.
The left stellate ganglion was chosen for electrical stimulation of the sympathetic nerves. Preganglionic fibers were dissected and placed on bipolar shielded electrodes. The stellate ganglion and the first five thoracic sympathetic ganglia were removed from the right side, and both vagus nerves were sectioned in the neck to prevent reflex activation during sympathetic stimulation. The stimuli applied to the sympathetic fibers were 2 msec pulses at a frequency of 10/sec. Stimulus intensity was twice the voltage producing a definite increase in the arterial pressure during basic driving of the ventricle, and stimulation was continued for 5 to 10 minutes until the measurements of excitability recovery were completed at all test points. The blood pressure in the carotid artery was measured by means of a Statham transducer. Ventricles were driven
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at a rate sufficient to prevent escape during sympathetic stimulation.
The effect of reflex sympathetic discharge oa the recovery of ventricular excitability was also investigated. Reflex sympathetic activation was elicited by cephalic asphyxia produced by clamping the brachiocephalic artery.
Adrenergic activity was also increased by the continuous infusion, via the femoral vein, of Z-epinephrine or Z-norepinephrine solutions. The heart was acutely denervated to reduce reflex effects during administration of these agents. The solutions were infused at rates from 1.5 to 2.0 /xg/kg/min, maintained until observations on the recovery process of ventricular excitability were completed at all test points.
Chloroform was administered by means of a closed circuit respiratory system. The exhaled gas from the expiratory pathway of the respiration pump was passed into a Collins spirometer, where carbon dioxide was absorbed in a sodalime canister. Oxygen was supplied in amounts adequate to maintain the original total volume of the system. Chloroform was vaporized slowly in a bottle interposed between the spirometer and the inlet of the respiration pump. The lethal 
Expt. 5-S-61(A). Patterns of recovery of excitability after a basic beat (A) and after an early premature beat (C). B represents a repeat of A, and D a repeat of C. The diagram in the upper left shows the electrode arrangement. In the figure, individual test points are arranged vertically on an arbitrary scale, and the sequence of events is displayed on the time base in msec. In the bar graph, temporal dispersion of recovery of excitability is shown by a shaded bar for the inner six points and open bar for the outer six points. See text for additional details.
g X close of chloroform administered by this means was found to be 0.9 to 1.2 ccAg in four dogs. The amount of chloroform in the closed system was increased by vaporizing additional doses estimated to be 10 to 20$ of the lethal dose at 20-to 30-minute intervals. Observations of the recovery process at all test points were made after each dose of chloroform was completely vaporized. Toxic doses of ouabain were administered intravenously in doses of 0.072 to 0.084 mg/kg, corresponding to 60 to 70% of the estimated lethal dose. Measurements of the recovery of excitability were made after electrocardiographic records revealed toxic effects such as atrioventricular block and idioventricular beats, which usually occurred about 30 to 40 minutes after the time of injection. Experiments were also performed with smaller doses of ouabain, 0.024 to 0.036 mgAg (20 to 30% of the lethal dose), and measurements were made 30 to 40 minutes after injection. The effects of quinidine were studied 5 to 10 minutes after intravenous injection of one or more doses of quinidine sulfate, 10 mgAgIn animals in which ischemia of the left ventricle was to be induced, the anterior descending branch of the left coronary artery was dissected free for a few millimeters just below the edge of the left auricular appendage. The artery was ligated together with a 24-gauge hypodermic needle. The needle was withdrawn immediately, leaving the artery constricted but not occluded. Observations of the pattern of the recovery process were begun when the anterior surface of the left ventricle became cyanotic. In some instances, ventricular premature beats occurred as myocardial ischemia was induced.
Hypothermia was induced by cooling the blood. After heparinization, blood from a femoral artery was passed through a coil immersed in an ice bath, and returned to the dog via the femoral vein on the same side. The temperature of the blood in the heart was measured by a thermocouple introduced into the right atrium through the right jugular vein. Observations of the recovery process were made when the blood temperature reached about 30°C, which took about 10 to 15 minutes from the time of immersion of the coil into the ice bath.
Results
PATTERNS OF RECOVERY OF VENTRICULAR EXCITABILITY IN THE CONTROL PREPARATION
Data describing the recovery process of ventricular excitability following responses to a basic driving stimulus (Si) and to a premature stimulus (S 2 ) were obtained from six dogs and are entered in table 1. These data show that the refractory period was shortened and temporal dispersion of recovery at the various test points was increased after an early premature response.
The results of one of these experiments are illustrated in figure 2. Diagram in the upper left of the figure shows the electrode arrangement. Series A shows the pattern of recovery at the various test points after a basic beat at a 300 msec cycle length. The moment of initiation of the response (Ri) to the basic stimulus at the various test points is represented by solid circles for the inner six points and open circles for the outer six points. Moments of initiation of Ri did not vary more than 3 msec at the inner points nor at the outer points. The moment of application of the earliest successful test stimulus (S 2 ) initiating a propagated impulse is correspondingly indicated by squares. RjS 2 intervals represent the refractory periods (RP) at the test points. The nonuniformity of recovery, estimated as the range of temporal variation of S 2 at the various points, is shown in the bar graph of the figure, the shaded bar representing dispersion of the inner six points and the open bar dispersion of the outer six points. Temporal dispersion of S 2 was 6 msec at the inner points, 12 msec at the outer points, and 19 msec at all twelve points following a basic beat. The RiS 2 intervals were shorter at the inner points than at the outer points. The mean RP of the inner points was 142 msec, the mean RP of the outer points 148 msec, and the mean RP of all twelve points 146 msec. Series B is a repetition of series A 100 minutes later.
Series C of figure 2 illustrates the recovery process after an early premature beat. An early premature stimulus (S 2 ) was introduced at the central electrode 147 msec after a basic stimulus and the pattern of recovery following the premature response (R 2 ) was tested with a third stimulus, S 3 . Temporal dispersion of recovery at the various test points following an early premature response was greater than that observed after a basic beat. Dispersion of moments of recovery was 18 msec at the inner points, 28 msec at the outer points and 37 msec at all twelve points. The mean RP (R 2 S 3 interval) of all twelve points was reduced to 104 msec following the 50 HAN, MOE early premature beat. Series D, a repeat observation of the pattern of recovery after an early premature beat, followed series C by 40 minutes. persion. In series B, norepinephrine infusion at a rate of 2 /igAg/min decreased the RiS 2 intervals and also reduced the range of variation of Sj. Temporal dispersion of recovery was increased by either direct or reflex stimulation of the cardiac sympathetic nerves (series C and D). Shortening of the RP was not uniform at the various points, i.e., the RP at some points was shortened considerably while at other points the RP was almost unaffected by stimulation of the cardiac sympathetics.
EFFECTS OF SYMPATHETIC STIMULATION
A comparison of the control pattern of recovery with patterns produced by various means of adrenergic stimulation in seven dogs is entered in table 2. These results show that the refractory period was shortened by all means of adrenergic stimulation, but the ef-
I
COMBINED EFFECTS OF CHLOROFORM AND SYMPATHOMIMETIC AMINES
Two dogs were used to study the effects of chloroform, alone and in combination with figure 2 . figure 4 . The range of S 2 was minimal during the control period (series A), and was increased as the RP was prolonged during exposure to chloroform, 0.2 cc/kg (series B). Infusion of Z-norepinephrine, 2 /xg/kg/min, reduced the RP at all points to less than control values, but did not significantly reduce the range of variation (series C). At the higher dose level of chloroform (0.8 cc/kg), the mean of the R]S 2 intervals was further increased (series D), but the temporal dispersion of S 2 was not increased beyond that observed at the lower concentration of chloroform. The addition of norepinephrine slightly reduced the RP, but failed to reduce the dispersion (series E).
Expt. 1-17-62(B). Combined effects of chloroform and l-norepinephrine on the pattern of the recovery process in ventricular muscle. A represents the control pattern. B and C represent patterns of recovery prior to and during l-norepinephrine administration under influence of the low close level of chloroform. D and E represent patterns prior to and during l-norepinephrine infusion under the influence of a high dose level of chloroform. Conventions as in
Effects of Quinidine on Temporal Dispersion of Recovery of Excitability and the Mean Refractory Period
OUABAIN
Effects of ouabain were studied in three dogs at two different dose levels (table 4) . In these experiments, the ventricular refractory period was shortened at both dose levels, but temporal dispersion of recovery was increased only by the higher dose. The results of one of the experiments are illustrated in figure 5.
Compared to the control pattern in series A, the RiS 2 intervals were nonuniformly shortened at the various points and the range of S 2 was increased by 0.084 mg/kg of ouabain (series B). Some outer points recovered earlier than inner points on the same axes, suggesting that a subsequent excitation wave front would be forced to assume an irregular contour.
QUINIDINE
Effects of quinidine were studied in three dogs (table 5) . In these experiments, the ventricular refractory period was progressively prolonged as the dose level of quinidine was increased; temporal dispersion of recovery at the various points was significantly increased by the higher dose level of quinidine. (series C and D) caused an increase in the RiS 2 intervals, and a significant increase in the range of S 2 . At a dose of 40 mgAg, the ventricles could no longer be driven by the pulse generator.
MYOCARDIAL ISCHEMIA
Ischemia produced by constriction of the anterior descending coronary artery caused a shortening of the RiS 2 intervals in the affected area of the left ventricle, and the temporal dispersion of S 2 was increased (table 6). One of the three experiments is illustrated in figure Circulation Research, Volume XIV, January 1964 7. Series A represents the control pattern in the left ventricle prior to the constriction and series B demonstrates an increase in the range of S 2 after the constriction.
HYPOTHERMIA
Sufficient data for comparison of patterns of the recovery process of ventricular muscle prior to and during hypothermia were obtained from three dogs (table 7) . The refractory period was prolonged and temporal dispersion of recovery at the various points was increased in the ventricle during hypo- 
Effects of Myocardial Ischemia on Temporal Dispersion of Recovery of Excitability and the Mean Refractory Period
Expt.
7-11-61
7-25-61 7-14-61 figure 2 . thermia. Figure 8 depicts the data obtained from one of these experiments. Compared to the control pattern in series A, series B shows that RiS 2 intervals were lengthened nonuniformly at the various points and the range of So was increased accordingly after the heart temperature has been lowered to 30.5 to 30.8°C.
Expt. 7-11-61. Comparison of patterns of recovery in ventricular muscle before (A) and after (B) the induction of myocardial ischemia. Conventions as in
Discussion
Repetitive discharges, each induced at the earliest possible moment in the relatively refractory period, should, as a result of progressive reduction in cycle length and refractory period, recur at an accelerating frequency. 8 If the duration of refractoriness were exactly uniform, each successive discharge should be propagated smoothly and concentrically away from the point of origin. If, however, neighboring elements recover at significantly disparate times, successive discharges will become irregular in contour, and even fractionated. It also follows that the inhomogeneity or dispersion of recovery should become increased by repetitive excitation, for those elements recovering latest from a primary response will have a longer cycle length and therefore a longer refractory period for a second or third impulse than neighboring fibers which recovered earlier.
In the present investigation, it was demonstrated that the degree of temporal dispersion of recovery of excitability in ventricular muscle was minimal after a basic beat, but it was increased significantly following an early premature beat. It is likely that the degree of nonuniformity of recovery of excitability should become greater and greater after each successive beat in a train of repetitive premature beats. Because of the danger of fibrillation, direct demonstration of this was not attempted.
The ability of various agencies to facilitate the induction of ventricular fibrillation is generally related to their ability to favor reentrant excitation. Increased excitability, decreased refractory period duration, decreased conduction velocity, and increased automaticity are recognized as changes which may increase the likelihood of fibrillation.
Adrenergic influences are thought to facilitate the induction of fibrillation by increasing automaticity, decreasing the threshold, and decreasing the duration of the refractory period. 3 Chloroform, by depressing normal pacemaker activity, is said to permit the exposure of idioventricular foci activated by epinephnne.
J
In the present study it was found thai epinephrine and norepinephrine, administered by intravenous infusion, decreased the refractory period of ventricular muscle and reduced the temporal dispersion of recovery, and it might be expected that the likelihood of fibrillation would be correspondingly reduced, as has indeed been reported. 10 On the other hand, stimulation of the sympathetic nerves to the heart caused irregular abbreviation of the refractory period and a significant increase of dispersion. Such nonuniform effects of stimulation of the cardiac sympathetic nerves on the ventricular refractory period could be explained by the assumption that myocardial fibers immediately adjacent to postganglionic sympathetic endings are exposed to relatively high concentrations of the adrenergic mediator and are profoundly affected, while fibers more remote from the sites of norepinephrine liberation are influenced to a lesser degree. It is, of course, also possible that the sensitivity of various fibers to the mediator is not uniform. In either event, it follows that an early ectopic impulse generated during a period of stimulation of the cardiac sympathetic nerves is likely to be propagated along an irregular wave front as it encounters areas in varying states of excitability. Norepinephrine may be expected to be more uniformly distributed during intravenous infusion than during nerve stimulation, and it follows that the nonuniform effects of sympathetic nerve stimulation are more likely to be on the basis of distribution of the mediator, rather than variation in responsiveness. If the induction of fibrillation is indeed facilitated by inhomogeneity of the muscle, sympathetic nerve stimulation should be more effective than intravenous administration of the mediator.
The present investigation showed that the ventricular refractory period was increased by chloroform. Moreover, such prolongation of the refractory period was not uniformly achieved at different points on the ventricular surface; the degree of nonuniformity of recovery was increased. When epinephrine or norepinephrine was infused continuously in the presence of chloroform in varying amounts, these agents were still effective in abbreviating the ventricular refractory periods, but failed to correct the dispersion of excitability recovery. At the low dose level of chloroform, the sympathomimetic amines reduced the refractory periods below the control values. The above observations provide an explanation for ventricular fibrillation induced by epinephrine under the influence of low concentrations of chloroform. It can be assumed that disorganization of ventricular activity would be favored by the combination of epinephrine and low doses of chloroform, as a result of increased nonuniformity of excitability and significant abbreviation of the refractory periods. Under the influence of chloroform at the high dose levels, the possibility of disorganized activity of the ventricle would be reduced because of prolongation of the refractory period.
Ventricular fibrillation induced by toxic doses of cardiac glycosides has been attributed to an increase in myocardial automaticity and a decrease in intraventricular conduction velocity. 11 Shortening of the ventricular refractory period and increased dispersion of recovery, as observed in the present study, must also favor the development of the arrhythmia.
High doses of quinidine may lead to ventricular fibrillation, and depression of conduction velocity is recognized as an important factor. 12 While increased duration of the ventricular refractory period and decreased excitability might be considered to oppose the development of fibrillation, it is clear that the increased dispersion of recovery observed in the present experiments would favor the development of fractionation and re-entry.
Ischemia depresses conduction velocity and abbreviates the refractory period in the affected area of ventricular muscle, and the Circulation Research, Volume XIV, January boundary between ischemic and normally oxygenated muscle is believed to be the source of idioventricular impulse generation. 13 ' 14 Increased dispersion of recovery in the ischemic area must increase the likelihood of fractionation and re-entry of the ectopic impulses.
Hypothermia depresses excitability and prolongs the refractory period, 15 but it also greatly depresses the conduction velocity. 10 Here again, irregular recovery of excitability may contribute to re-entry and to the development of fibrillation.
In all of the experiments reported here, those agencies known to favor the development of ventricular fibrillation were found to increase the temporal dispersion of recovery of excitability, whether the average refractory period was reduced (sympathetic nerve stimulation, ouabain intoxication, ischemia) or increased (chloroform, quinidine in high dosage, or hypothermia). The results emphasize the importance of nonuniformity of excitability and conduction velocity during the relatively refractory period in the induction of turbulent impulse propagation.
Summary
Recovery of excitability of ventricular muscle was measured at numerous points in exposed dog ventricles at varying distances along six radial axes from a primary point of stimulation. Temporal dispersion of recovery of excitability at various points equidistant from the point of stimulation was minimal after a basic beat but was increased after an early premature beat. The degree of dispersion following a basic beat was increased by stimulation of the cardiac sympathetic nerves, administration of chloroform, ouabain intoxication, administration of higher doses of quinidine, myocardial ischemia, and hypothermia, but it was decreased by administration of sympathomimetic amines.
